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Abstract—1 Connected vehicles are expected to play a
major role in the next future to improve safety and traffic
efficiency on the road and short-range technologies have
been defined to enable the direct exchange of information.
To this aim, two solutions are currently the subject of a
debate that goes beyond the technician, i.e., IEEE 802.11p
and sidelink cellular-vehicle-to-anything (C-V2X). Tested
and mature for deployment the first, possibly more efficient
the second. In both cases, one of the main aspects is
the management of channel congestions, which can cause
serious packet losses and have a critical impact on the
reliability of applications. Congestions can be managed
through different approaches, including the control of
transmission power, packet generation frequency, and the
adopted modulation and coding scheme. Congestion man-
agement has been well studied in IEEE 802.11p, with
consolidated algorithms included in the standards, whereas
it appears somehow as a new topic looking at C-V2X.
In this work, a review of the main congestion control
mechanisms and a discussion of their applicability and
efficiency in the two technologies is provided. This topic
is addressed without focusing on specific algorithms and
with the aim to provide general guidelines as a starting
point for new proposals.
I. INTRODUCTION
The automotive sector is expected to be one of the
key players of the robot revolution that will radically
change our society in the future. Automation and wire-
less communications will be both crucial in this process
and are both subject of huge efforts in industrial and
academic research. Regarding the topic of connected
vehicles, one of the main aspects is short-range direct
communications, enabling improved safety and manoeu-
vre coordination under the paradigm of ultra reliable and
low latency communications (URLLC).
In this scenario, two wireless technologies have been
developed for vehicle-to-everything (V2X) communica-
tions, often referred to as IEEE 802.11p and sidelink
cellular vehicle-to-anything (C-V2X) [1]. The former,
relatively old and well consolidated, is an adaptation of
the classical Wi-Fi, with enhancements currently under
definition as IEEE 802.11bd [2]. The latter, at an earlier
1 2019 IEEE. Personal use of this material is permitted. Permission
from IEEE must be obtained for all other uses, in any current or future
media, including reprinting/republishing this material for advertising
or promotional purposes, creating new collective works, for resale or
redistribution to servers or lists, or reuse of any copyrighted component
of this work in other works.
Accepted version, presented at Asilomar 2019.
stage regarding large scale testing, but pushed by a strong
ecosystem, was firstly defined in the long term evolution
(LTE) framework as LTE-V2X and will be also part of
5G as new radio (NR)-V2X (NR-V2X) [2]. Given the
tremendous market potential and the fact that the same
technology seems required on board of all vehicles (at
least on a regional basis) to make them inter-operate,
a hard discussion is ongoing, which involves all the
interested stakeholders, including national governments
and international bodies.
The two technologies, briefly discussed in Section II,
are viewed by the most as possible alternatives at the
lower layers of a general (and common) protocol pillar,
defined by SAE and IEEE in the US and by ETSI
in Europe [3]. However, they are sensibly different,
especially at the medium access control (MAC) layer,
and thus considerations that were consolidated looking
at IEEE 802.11p might not hold moving to sidelink
C-V2X. One of the aspects that appears not yet fully
investigated is the management of distributed congestion
control (DCC).
The main traffic carried out by short-range communi-
cations, especially in the first phase of V2X deployment,
will be the periodic broadcasting by each vehicle of
messages detailing its status and movements. We will
refer to such messages as beacons in the further to be
agnostic to the standards.2 By its nature, such traffic is
proportional to the number of vehicles on the road and
tends to saturate the available channel resources when
the traffic density increases. A saturation of the channel
implies an increase of packet losses and thus a thread
for the safety of drivers and passengers.
Congestion control algorithms have thus been defined
to modify some parameters before the conditions become
critical [4]. Several options have been considered for
this scope, among which the main ones are acting on
the transmission power, beacon frequency, and data-
rate. Years of research focusing on IEEE 802.11p have
brought to the definition of standard algorithms, based on
some continuous measurements performed by the nodes
[5], [6]. Differently, looking at C-V2X, even if a first
solution has been defined for example in [7], this topic
2They are part of the basic safety messages (BSMs) defined by
SAE and correspond to the cooperative awareness messages (CAMs)
standardized by ETSI.
has only gained attention very recently and few early
works are available in the literature [8]–[11].
Rather than looking at specific algorithms, the objec-
tive of this work is to overview the main possible mea-
surements and the main adaptable metrics and investigate
their role and impact in the two technologies, to provide
general indications for the future proposals.
II. MAIN SHORT-RANGE WIRELESS TECHNOLOGIES
In this section, the main characteristics of both tech-
nologies are shortly recalled.
A. The Wi-Fi standards
IEEE 802.11p was firstly defined in 2010, with few
modifications compared to the IEEE 802.11a version of
Wi-Fi. In particular, it includes: 1) half bandwidth to re-
duce noise and improve resilience to channel selectivity;
2) the so-called outside of the context of a basic service
set (OCB) mode to allow communications without the
need of long authentication and association procedures.
Later, it was included in IEEE 802.11-2016 [12]. In
Europe, it goes under the name of ITS-G5.
At the PHY and MAC layers, it is based on or-
thogonal frequency division multiplexing (OFDM) and
carrier sensing multiple access with collision avoidance
(CSMA/CA), respectively. Each message is sent when
the channel is sensed idle and occupies the full band-
width of approximately 10 MHz with a raw data-rate
ranging between 3 and 27 Mb/s, depending on the
adopted modulation and coding scheme (MCS). The
relatively old PHY layer relies on convolutional coding.
The random access scheme at the MAC layer allows
easy implementation due to no need of coordination,
but is known to have critical risks of congestions and
to suffer of strong impact of hidden terminals. Another
aspect often criticized to IEEE 802.11p is that the quality
of service (QoS) cannot be granted.
IEEE 802.11p has been tested in very large implemen-
tations and is currently considered a mature technology.
However, in order to update it with the latest solutions,
a new working group has been settled in 2018 to define
the new IEEE 802.11bd [2]. The main objective is to add
advanced coding schemes and other innovations (mainly
at PHY layer) to improve the reliability, especially at
high speed and with long packets. IEEE 802.11bd is
promised to be backward compatible with IEEE 802.11p.
B. The cellular standards
Sidelink LTE-V2X was defined by 3GPP as part of
C-V2X in Release 14, with a first publication in 2016 and
the frozen version in 2017. It is based on the device-to-
device (D2D) mechanisms, earlier introduced for public
safety applications, with enhancement at PHY layer and
in the allocation procedures to cope with the specific
nature of data traffic and nodes mobility.
At PHY and MAC layers, it uses the same single
carrier frequency division multiple access (SC-FDMA)
as LTE uplink. At the PHY layer, a large number
of MCSs based on turbo coding are foreseen, which
promise better performance compared to IEEE 802.11p
[13]. At the MAC layer, time and frequency are orga-
nized in orthogonal resources that require sophisticated
allocation algorithms in order to optimize the spatial
reuse. More specifically, the time granularity is given
by the sub-frame, or transmission time interval (TTI),
which lasts 1 ms, whereas in the frequency domain
the minimum allocation unit is the subchannel, which
includes a number of subcarriers and occupies a multiple
of 180 kHz. Given the size of the packet and the adopted
MCS, transmissions are performed using one or more
subchannels in one TTI. The allocation procedure can
be either controlled by the network (a.k.a. controlled,
or Mode 3) or autonomously carried out by each ve-
hicle (a.k.a. distributed, or Mode 4). Since the former
relies on an infrastructure, which is not required by
IEEE 802.11p, only Mode 4 will be considered in the
following. For the details about the Mode 4 algorithm
defined by 3GPP, which is based on sensing before
select and semi-persistent scheduling (SPS), the reader is
referred for example to [14], [15]. It is anyway relevant
to note that the transmission delay in sidelink C-V2X
is constrained by the chosen selection window and that
wrong allocations are prone to consequent collisions for
several consecutive transmissions.
The cellular ecosystem considers LTE-V2X as the
baseline for short-range V2X communications and the
upcoming NR-V2X will be mostly based on similar
principles, with the addition of flexible numerology
and enhancements for non-periodic traffic. NR-V2X is
anyway imagined as a separate technology for advanced
use cases and retro-compatibility is not addressed [2].
III. DISTRIBUTED CONGESTION CONTROL
MECHANISMS
This section focuses on the main measured metrics
and the main parameters that can be modified by DCC.
A. Measured metrics
Given the awareness service and the broadcast nature
of the wireless medium, each vehicle has continuous
knowledge about how many vehicles are within its
transmission range, how much the channel is busy, and
how much of this occupation is due to transmissions
from itself. These three metrics can all be at the basis
of the DCC process.
1) Channel busy ratio δCBR: In both IEEE 802.11p
and LTE-V2X, each vehicle has the ability to sense the
medium in order to estimate when the channel can be
used for transmission. Applying this continuously and
taking into account the own transmissions, each node can
estimate the portion of resources that have been sensed
busy in a given time interval, usually known as channel
busy ratio (CBR). The CBR is normally at the basis of
any DCC algorithm.
In particular, in IEEE 802.11p the sensing procedure
is intrinsically part of the CSMA/CA protocol. Given
a time interval of length τsense and denoting the portion
of time between ta and tb in which the medium has been
sensed busy Tbusy(ta, tb) and the portion of time between
ta and tb in which the node has been transmitting
Ttx(ta, tb), the channel busy ratio δ
11p
CBR(t) in an instant t
can be calculated as
δ
11p
CBR(t) =
Tbusy(t− τsense, t) + Ttx(t− τsense, t)
τsense
. (1)
In LTE-V2X, the power is measured in each subchan-
nel/TTI slot (hereafter slot) and compared to a threshold
to determine if that slot has been used or not and to
estimate what will be the situation in the next subframes.
Thus, denoting as Ssense the number of subframes in the
given time interval of duration τsense, Mtot the number
of subchannels, Nbusy(ta, S
∗) the number of slots sensed
as busy in the S∗ subframes preceding the instant ta,
Stx(ta, S
∗) the number of subframes in which the node
was transmitting during the S∗ subframes preceding the
instant ta, the channel busy ratio δ
LTE
CBR(t) in an instant t
can be calculated as
δ
LTE
CBR(t) =
Nbusy(t, Ssense) + Stx(t, Ssense) ·Mtot
Ssense ·Mtot
. (2)
In (2), the second term at the numerator takes into
account that current devices are half duplex: since a node
cannot estimate the use of a slot in a subframe during
which its transceiver is in the transmission state, all the
slots of such subframes are assumed busy.
2) Number of neighbors V : Each vehicle continu-
ously receives the periodic beacons from the neighbors
and updates a list of neighboring nodes with all informa-
tion related to their position and movements. The number
of neighbors that can be inferred from the list is a metric
used by some algorithms in addition to the CBR.
3) Channel occupation ratio ωCR: Each vehicle can
calculate how much of the resources is itself occupying.
Such metric, normally called channel occupation ratio
(CR), is calculated as the portion of time/bandwidth used
in a given time window. If the periodic transmission of
beacons is the only traffic, then it can be calculated in
IEEE 802.11p as
ω
11p
CR (t) = τ
11p
p (t) · fb(t) (3)
where τ
11p
p (t) is the duration of a transmission and fb(t)
is the beacon frequency at the time of calculation.
Similarly, in LTE-V2X it can be calculated as
ωLTECR (t) =
(
Mp(t)
Mtot
τTTI
)
fb(t) (4)
where Mp(t) is the number of subchannels used to
transmit a packet at the time of calculation and TTTI
is the duration of a TTI (1 ms in LTE, variable in NR).
TABLE I
MAIN SIMULATION PARAMETERS AND SETTINGS.
Common settings
Beacon frequency (fb) 10 Hz (*)
Beacon size 300 B
Time interval for CBR assessment (τsense) 1 s
MCS B of Table II (*)
Channel bandwidth 10 MHz
Transmission power (Pt) 23 dBm (*)
Antenna gain (both tx and rx) 3 dB
Noise figure 9 dB
Propagation model WINNER+, Scenario B1
Shadowing Variance 3 dB,
Decorrel. distance 25 m
Related to IEEE 802.11p
Duration of the initial interframe space 110 µs
Random backoff [0 ÷ 15] · 13 µs
Carrier sensing threshold -65 dBm
Related to LTE-V2X (Mode 4)
Probability to maintain the allocation (pk) 0
Sensing threshold to assume the channel busy -94 dBm
(*) used if not differently specified.
TABLE II
CONSIDEREDMCSS. MINIMUM SINR WITH BOTH TECHNOLOGIES;
DURATION OF A PACKET OF 300 BYTES WITH IEEE 802.11P*;
PACKETS OF 300 BYTES PER TTI (1 MS) WITH LTE-V2X.
MCS Mod./Coding Min
SINR
Duration
802.11p*
Packets/TTI
LTE-V2X
A QPSK, 0.27 1.49 dB 560 µs 1
B QPSK, 0.48 5.79 dB 304 µs 2
C 16QAM, 0.46 12.83 dB 192 µs 3
D 16QAM, 0.59 16.39 dB 160 µs 4
B. Modified parameters
A number of parameters can be modified in order
to impact on the channel occupation. Among them,
those that are mostly considered are power, packet rate
generation, and data-rate [4], [16].
1) Transmission power Pt: Intuitively, if the transmis-
sion power is reduced, the interference and the message
losses due to collisions can be mitigated. The expected
cost is a reduction of the transmission range.
2) Beacon frequency fb: A lower beacon frequency
reduces the channel occupation. The probability of col-
lisions thus reduces without altering the transmission
range. The drawback in this case is a lower update
frequency of the information regarding the position and
movements of the neighboring vehicles.
3) MCS: Changing the MCS impacts on the trade-
off between data-rate and reliability. Reducing the data-
rate, the reliability increases if the interference is not
considered. However, transmissions occupy more re-
sources and might increase the probability of concurrent
transmissions and consequent collisions.
IV. PERFORMANCE
In this section, results are shown from simulations
performed using the LTEV2Vsim simulator [17].
A. Simulation configuration
1) Scenario and main settings: In order to reproduce
a highway scenario with a variable number of nodes,
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Fig. 1. Average number of neighbors in the median transmission range, average number of neighbors V within 100 m, and channel busy ratio
δCBR vs. density ρ. Minimum (8 dBm) and maximum (23 dBm) power Pt.
TABLE III
CHANNEL OCCUPATION RATIO (CR) FOR VARIOUS SETTINGS
MCS Beacon
frequency
CR in IEEE
802.11p*
CR in
LTE-V2X
A 10 Hz 0.0056 0.01
B 10 Hz 0.003 0.005
C 10 Hz 0.0019 0.0033
D 10 Hz 0.0016 0.0025
B 5 Hz 0.0015 0.0025
B 1 Hz 0.0003 0.0005
a 1-D Poisson point process with variable density ρ is
adopted as for example in [18], [19]. Both technologies
are assumed to occupy one 10 MHz channel in the
5.9 GHz frequencies, which have been reserved to this
scope in most countries worldwide. The path loss is
modeled using the WINNER+ Model B1, as suggested
by 3GPP, with correlated shadowing (variance 3 dB,
decorrelation distance 25 m). Beacons of 300 bytes are
transmitted with a periodicity between 1 and 10 Hz. The
transmission power is set between 8 and 23 dBm, plus
antenna gains of 3 dB. The noise figure is set to 9 dB. In
the case of LTE-V2X, the keep probability adopted by
Mode 4 is set to 0 in order to minimize the probability of
consecutive collisions [15], [20]. A summary is provided
in Table I.
2) IEEE 802.11p*: In order to avoid IEEE 802.11p
vs. LTE-V2X performance comparisons and focus on
the resource allocation and congestion control, here we
assume a modified PHY layer for IEEE 802.11p, which
performs similarly to LTE-V2X (same approach as in
[21]). More specifically, the CSMA/CA mechanism, the
inter-frame spaces, and the duration of the packet pream-
ble are the same as in IEEE 802.11p; differently, the
minimum signal to noise and interference ratio (SINR)
and the raw data rate during transmission are those of
LTE-V2X (refer to Table II).
3) MCS: The selected MCSs are listed in Table II;
the values are taken from [1] and correspond to the
minimum MCS in LTE-V2X to have one, two, three, or
four packets of 300 bytes per TTI. The minimum SINR
level is obtained as detailed in [21] and the same value
is set both in LTE-V2X and IEEE 802.11p*. In IEEE
802.11p*, the duration of a transmission is calculated
using the raw data-rate of LTE-V2X obtained as in [21].
4) Outputs: The following metrics are considered:
• Packet delivery ratio (PDR): it is the ratio between
the messages correctly received by the nodes at a
given distance and all the nodes at that distance;
• Inter-packet gap (IPG): it is the time between two
consecutive correct receptions at a given receiver
from the same transmitter, within a given distance;
IPG implicitly gives information about the correla-
tion among errors.
B. Results
Results are shown through Figs. 1-5, firstly focusing
on the measured metrics and then investigating the
performance that derive from parameter variations. The
CR calculated with the adopted combinations of the
parameters is also given in Table III for the sake of
completeness.
1) Observing the metrics measured for DCC: Fig. 1
focuses on the metrics measured by the vehicles and
possibly used to determine the level of congestion of
the channel. The two subfigures correspond to IEEE
802.11p* (Fig. 1(a)) and LTE-V2X (Fig. 1(b)), respec-
tively. More specifically, the following three metrics are
shown varying the vehicle density ρ, for both the lowest
and highest transmission power: 1) the average number
of vehicles that are within the median transmission
range, obtained as the multiplication of the density by
the range with path loss only; 2) the average number
of neighbors that the vehicles perceive within a range
of 100 m; 3) the CBR, measured as detailed in Sec-
tion III-A.
The average number of vehicles within the median
range gives an idea of the scenario and the density per-
ceived by the vehicles. A higher value is observed with
LTE-V2X, since half bandwidth is used (thus half noise
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Fig. 2. Packet reception ratio vs. distance. ρ = 300 vehicles/km. Blue=IEEE 802.11p*, Red=LTE-V2X.
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Fig. 3. ccdf of the update delay for neighbors within 100 m, varying
fb. ρ = 300 vehicles/km. Blue=IEEE 802.11p*, Red=LTE-V2X.
at the receiver). The other two metrics are those normally
used for congestion estimation. Whereas the measured
average neighbors within 100 m is linear with the density
and do not change varying the transmission power, the
measured δCBR depends on the power level and tends to
be concave, especially in LTE-V2X with Pt = 23 dBm.
With the considered values (see Table I), which are those
normally adopted by the standards, the δCBR of LTE-V2X
appears significantly higher than that of IEEE 802.11p*.
To be noted that, whereas in IEEE 802.11p* the channel
sensed busy differs the transmission and a high δCBR
might cause large delays and even starvation, in LTE-
V2X the measurements are only used to identify the
preferable TTI/subchannel combinations and do not have
any impact on the average delay.
2) Impact of power variations: Figs. 2(a) and 4(a)
show the effect of power variations in both technologies.
As observable, especially through Fig. 2(a), its variation
is quite effective in IEEE 802.11p* to trade-off channel
congestion and range. Reducing the power, the coverage
reduces, but the probability that the channel is sensed as
idle by a node increases and the spatial reuse of resources
also increases. Indeed, power variations are for example
at the core of SAE J2945/1 [22].
Differently, power adaptation is ineffective in LTE-
V2X and using the maximum value appears almost
always preferable. This is a consequence of the fact
that all signals are synchronized and that sensing is
used only to select the 20% least interfered slots: if
the performance is limited by noise, a reduction of the
transmission power reduces the signal to noise ratio,
while if the performance is limited by interference, a
reduction of the transmission power from all nodes does
not alter the signal to interference ratio. These results
find confirmation in related work. Ineffectiveness of
power variations is in fact shown in [22], where the same
SAE J2945/1 algorithm is applied to the cellular tech-
nology. Even in [9], [10], where improvements varying
the power level in LTE-V2X are shown, they appear very
limited.
3) Impact of packet rate variations: The performance
varying the frequency of beacon generation is shown
through Figs. 2(b), 3, 4(b), and 5. Firstly focusing on
the PDR (Figs. 2(b) and 4(b)), it can be noted that this
approach is effective in both technologies. Actually, its
effectiveness is even higher in LTE-V2X, where less
packets generated on average corresponds to a higher
average reuse distance of the same resources. If we focus
as an example on Fig. 2(b) and LTE-V2X, the maximum
distance to have a PDR above 0.9 increases from 25 m
to 250 m if fb is reduced from 10 to 1 Hz.
The beacon periodicity variation is indeed one of the
main parameters used in IEEE 802.11p (especially in
Europe) and currently the main one considered for LTE-
V2X [7].
The main drawback of this approach is visible in
Figs. 3 and 5 observing the IPG, which increases sensi-
bly for lower fb. It can also be noted that this issue is
more severe in LTE-V2X. This effect is a consequence of
the specific resource structure and allocation algorithm
of this technology.
4) Impact of data-rate variations: Finally, the impact
of a different selection of the MCS is shown in Figs. 2(c)
and 4(c). Similarly to the power variations, also in this
case the trade-off between range and congestions is clear
in IEEE 802.11p*, whereas it is very limited in LTE-
V2X. Moreover, while the optimal MCS depends on both
the density and the targeted distance in IEEE 802.11p,
it is only related to the density in LTE-V2X.
50 100 150 200 250 300 350 400
Density [veh/km]
0
50
100
150
200
250
300
M
ax
im
um
 d
ist
an
ce
 w
ith
 P
DR
>0
.9
Pt=8dB
Pt=13dB
Pt=18dB
Pt=23dB
(a) Varying Pt.
50 100 150 200 250 300 350 400
Density [veh/km]
0
50
100
150
200
250
300
M
ax
im
um
 d
ist
an
ce
 w
ith
 P
DR
>0
.9
fb=10 Hz
fb=5 Hz
fb=1 Hz
(b) Varying fb.
50 100 150 200 250 300 350 400
Density [veh/km]
0
50
100
150
200
250
300
M
ax
im
um
 d
ist
an
ce
 w
ith
 P
DR
>0
.9
MCS=A
MCS=B
MCS=C
MCS=D
(c) Varying the MCS.
Fig. 4. Packet reception ratio vs. density for neighbors within 100 m. Blue=IEEE 802.11p*, Red=LTE-V2X.
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V. CONCLUSION
In this work, channel congestion control is addressed
focusing on both IEEE 802.11p and sidelink LTE-
V2X. In particular, after giving an overlook on the
measurements performed by nodes to estimate the level
of resources occupation, the impact of a variation of
three parameters (transmission power, packet generation
rate, and MCS) is evaluated in a highway scenario.
Results show that in IEEE 802.11p either of the three
parameters can be efficiently used to trade-off conges-
tions with range (power and MCS) or delay (packet
generation rate). Differently, in LTE-V2X: i) power
variations appear basically ineffective; ii) acting on the
packet generation rate is effective, but may lead to high
delays in awareness update; and iii) the optimal choice
of the MCS has small impact and is only a function of
the density of vehicles.
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